A novel flavivirus, provisionally named Bamaga virus (BgV), was isolated from Culex annulirostris mosquitoes collected from northern Australia. Phylogenetic analysis of the complete nucleotide sequence of the BgV genome revealed it clustered with the yellow fever virus (YFV) group, and was most closely related to Edge Hill virus (EHV), another Australian flavivirus, with 61.9 % nucleotide and 63.7 % amino acid sequence identity. Antigenic analysis of the envelope and pre-membrane proteins of BgV further revealed epitopes common to EHV, dengue and other mosquito-borne flaviviruses. However, in contrast to these viruses, BgV displayed restricted growth in a range of vertebrate cell lines with no or relatively slow replication in inoculated cultures. There was also restricted BgV replication in virus-challenged mice. Our results indicate that BgV is an evolutionary divergent member of the YFV group of flaviviruses, and represents a novel system to study mechanisms of virus host-restriction and transmission.
The genus Flavivirus (family Flaviviridae) comprises singlestranded, positive-sense RNA viruses that are primarily arthropod-borne and often cycle between arthropod vectors and vertebrate hosts. These vertebrate-infecting flaviviruses (VIFs) comprise many important viral pathogens, including yellow fever virus (YFV), dengue viruses (DENV), West Nile virus (WNV) and Japanese encephalitis virus (JEV) (Mackenzie et al., 2004; Westaway, 2011) . However, some flaviviruses cannot infect or replicate in vertebrate cells and were termed insect-specific flaviviruses (ISFs). ISFs are further divided into two main clusters, the classical ISFs, which are phylogenetically separate from VIFs, and dual-host ISFs, which cluster with the VIFs (Blitvich & Firth, 2015) . Nevertheless, ISFs have become an important focus of research due to their potential role as regulators of arbovirus transmission (Bolling et al., 2012; Goenaga et al., 2015; Hobson-Peters et al., 2013; Kent et al., 2010) . Furthermore, studying the genetic and phenotypic differences between ISFs and VIFs may lead to a better understanding of mechanisms involved in flavivirus host-restriction and transmission.
Previously, we reported the discovery of two new ISFs in Australia, Palm Creek virus (PCV) and Paramatta River virus, from Coquillettidia and Aedes mosquitoes, respectively (Hobson-Peters et al., 2013; McLean et al., 2015) . To assess the prevalence of ISFs in Culex species in Australia, we screened Culex sitiens subgroup mosquitoes collected from Cape York Peninsula in the early 2000s (Fig. 1a) . These mosquitoes were originally collected as part of a JEV surveillance program following an incursion of JEV onto mainland Australia (van den Hurk et al., 2006) . In the present study, we screened these mosquito samples for new viruses using a novel, sequence-independent virus detection system based on the identification of viral double-stranded RNA replicative intermediates in fixed-cell ELISA referred to as MAVRIC (monoclonal antibodies against viral RNA intermediates in cells) (O'Brien et al., 2015) .
A total of 163 female Culex annulirostris in five pools were collected using CO 2 -baited light traps from various sites in the Northern Peninsula Area of Cape York Peninsula in 2001 (Fig. 1a) of which Culex annulirostris and Culex palpalis share overlapping morphology which makes identification difficult (Jansen et al., 2013) . Although both species were present in our collections, Culex annulirostris was the predominant species. Our screening consisted of passaging mosquito homogenates on C6/36 cells then performing fixed-cell ELISA with MAVRIC as described previously (O'Brien et al., 2015) . Reverse transcription-PCR (RT-PCR) using RNA extracted from ELISA-positive culture supernatants was performed using the generic flavivirus primers FU2/ cFD3 (Kuno et al., 1998; McLean et al., 2015) . From this screening process, one pool from 2001 (CY4270) and seven pools from 2004 yielded RT-PCR products of the expected size for amplicons derived from flavivirus RNA. Partial NS5 sequencing was performed after amplicons were subjected to agarose gel electrophoresis and DNA extracted using the NucleoSpin Gel and PCR Clean-up kit (Macherey Nagel). Purified DNA fragments were sequenced at the Australian Genome Research Facility (AGRF, Brisbane, Queensland). These sequences revealed that the 2001 flaviviral isolate shared .99 % nucleotide identity with two of the 2004 flavivirus isolates and all three shared 71 % identity with the flavivirus Potiskum virus (DQ859067) over the NS5 FU2/cFD3 RT-PCR product sequence and were likely to be strains of the same novel flavivirus, which we tentatively named Bamaga virus (BgV) (Fig. 1b) . Four of the remaining flavivirus isolates were identified as Kokobera virus (KOKV) and one isolate as JEV (results not shown). Thus, the MAVRIC system proved extremely useful: confirming the single JEV isolate, originally detected by RT-PCR by van den Hurk et al. (2006) using both JEV-specific and pan-flavivirus primers (Pyke et al., 2004; Scaramozzino et al., 2001) ; and detecting a number of additional arboviral isolates from this cohort of samples (2 BgV, 4 KOKV, 1 Ross River virus and 1 Sindbis virus; data not shown). BgV was isolated from mosquitoes within the Culex sitiens subgroup, thus it appears to be using the same vectors as most arboviruses in Australia (Jansen et al., 2008; Kay et al., 1984; Ritchie et al., 1997a, b) .
The complete sequence of BgV was obtained from virion RNA of the prototype isolate (CY4270) by next-generation Illumina sequencing, performed by AGRF in Melbourne (Victoria, Australia) on the HiSeq2000 platform (GenBank accession number KU308380). The raw sequencing data were analysed using Geneious 8.0.5 with default settings: paired reads were first mapped to a known flavivirus and the consensus sequence of this assembly was used as a mapping reference for a subsequent assembly. The BgV ORF encodes a single polyprotein that consists of 3400 aa. A sequence alignment was performed over the nucleotide sequence of the ORF using MUSCLE (Edgar, 2004) . This revealed that BgV is most closely related to the Australian VIF Edge Hill virus (EHV) with 61.9 % nucleotide identity and a 63.7 % amino acid identity, and clearly defines BgV as a new flavivirus species. The phylogeny of the ORF was assessed using 53 reference flavivirus sequences and an outgroup of a flavivirus with no known vector (Rio Bravo virus -NC_003675). Phylogenetic trees were reconstructed using MrBayes v3.2.2 under the Bayesian Marko chain Monte Carlo (MCMC) model with default parameters (Huelsenbeck & Ronquist, 2001 ). This analysis revealed that BgV clusters with mosquito-borne flaviviruses from the YFV group, but diverged from its closest relative (EHV) quite some time ago based on its phylogenetic position ( Fig. 2a) (Kuno et al., 1998) .
Putative cleavage sites in the BgV polyprotein were predicted according to guidelines from Chambers et al. (1990) and von Heijne (1984) and revealed that the BgV ORF codes for viral proteins according to the standard Hall (1990) Thibodeaux (2009) Henchal (1985) MacDonald (2010) MacDonald (2010) MacDonald (2010) MacDonald (2010) MacDonald (2010) Falconar (1999) MacDonald ( flavivirus genome organization (Fig. 2b) . The pr/M furin cleavage motif, determined using ProP 1.0 (http://www. cbs.dtu.dk/services/ProP/), follows consensus established by others, occurs between BgV amino acid 204 and 205 and corresponds to the position of other flavivirus furin cleavage sites when aligned. Several glycosylation sites were predicted with NetNGlyc (http://www.cbs.dtu. dk/services/NetNGlyc/), two in prM (positions 130 and 146) and one in NS1 (position 978). The two prM glycosylation sites are well conserved for other members of the YFV group. No glycosylation site was predicted in the E protein, which is consistent with other members of the YFV group. Transmembrane domains were predicted with TMHMM (http://www.cbs.dtu.dk/services/ TMHMM/) and match the classical flaviviral membrane topology.
*Based on annotations from DQ859060 (EHV) and NC_008718 (YFV
Antigenic similarity of BgV to other flaviviruses was assessed by fixed-cell ELISA using a panel of flavivirusreactive mAbs (Broom et al., 1998) . BgV could be detected using several mAbs that recognize conserved epitopes on the flaviviral E protein: 4G2, 1D1, M2-1E7 and 6B6C as shown in Fig. 2(c) (Gentry et al., 1982; Hall et al., 1990; Macdonald et al., 2010; Thibodeaux & Roehrig, 2009 ). BgV was also weakly recognized by several EHV-specific and YFV-group reactive mAbs (7C3, 3G1-2, 6A9, 7C6, 8G2), see Fig. 2(c) . Similarities with the DENV antigenic profile were also seen, as BgV was recognized by 1B7, a DENV subgroup reactive mAb previously shown to cross-react with EHV ( Fig. 2c) (Henchal et al., 1985) . Other DENV-specific antibodies failed to bind BgV (Table S1 available in the online Supplementary Material); however, a DENV subgroup reactive mAb (3A9) showed weak binding to BgV (Fig. 2c) (Falconar, 1999) . BgV does not appear to share antigenic similarity with members of the JEV or KOKV subgroups or with PCV as none of a panel of antibodies specific for these viral subgroups and viruses recognized BgV (Table S1 ) (Hall et al., 1991; Henchal et al., 1982; Macdonald et al., 2005; Nisbet et al., 2005; Sánchez et al., 2005; Hobson-Peters et al., 2013) .
The ability of BgV and two reference flaviviruses (WNV Kunjin strain MRM61C and EHV, strain C281) to infect and replicate in a range of different cell lines was assessed by inoculating cells seeded on glass coverslips as described by McLean et al. (2015) , at m.o.i. 0.1, 1 and 10. The BgV stock used was obtained after two rounds of limit dilution purification of the prototype CY4270 on C6/36 cells (Hall et al., 1999) . The m.o.i. were determined based on the titre of a C6/36 stock calculated as TCID 50 by ELISA with 4G2 and a previously described protocol (O'Brien et al., 2015; Reed & Muench, 1938) . The cells used were A. albopictus (C6/36 and RML-12), Culex tarsalis (Chao Ball), baby hamster kidney fibroblasts (BHK-21), African green monkey kidney epithelial cells (Vero), chicken fibroblast (DF-1), rabbit kidney epithelial cells (RK-13, BVDVfree), human embryonic kidney cells (HEK-293) and Didelphis marsupialis virginiana opossum kidney cells (OK). Media used were as described by Hobson-Peters et al. (2013) and as per recommendations by the ATCC. Cells were fixed in 100 % ice-cold acetone 2 days post-infection (p.i.) and an immunofluorescence assay (IFA) was performed using mAb 4G2 and the protocol described by McLean et al. (2015) . BgV antigen was not detected by IFA in any of the vertebrate cell lines tested at 2 days p.i. at an m.o.i. 10 (Fig. 3a) . Similar results were observed for m.o.i. 1 and 0.1 (results not shown).
While this lack of growth in vertebrate cells was compatible with classification of BgV as an ISF, this was not consistent with its phylogenetic position in the YFV group. Therefore, to further assess for replication, cell infection experiments were repeated with m.o.i. 0.1, 1 and 10 and 5 days of incubation. The supernatant was then titrated on monolayers of C6/36 cells by serial 10-fold dilutions in 96-well plates, using 4-10 wells per dilution, and cells were fixed at 5 days p.i. with 20 % acetone with 0.02 % BSA in PBS. Virus titres were determined as TCID 50 by ELISA with 4G2. While BgV titres were comparable to those produced by WNV and EHV after 5 days in the three mosquito cell lines tested, BgV again showed limited replication in the vertebrate cell lines (Fig. 3b) . Vero, DF-1 and RK-13 remained negative for BgV replication regardless of m.o.i. Low titres for WNV after 5 days in RK-13 are consistent with the lack of antigen detected by IFA in these cells after 2 days of infection (Fig. 3a) . Low titres of BgV were also detected after this longer incubation period in BHK (m.o.i. 10, Fig. 3b; m. o.i. 1 and 0.1 data not shown) and HEK-293 supernatant (m.o.i. 10, Fig. 3b; m. o.i. 1 and 0.1 data not shown). These titres were several logs lower than those of WNV and EHV in the same cell lines. An exception to these observations was the high titre of BgV after 5 days of replication in OK cells (m.o.i. 10, Fig. 3b ; m.o.i. 1 and 0.1 data not shown). Indeed, the titre in these cell cultures was similar to those produced by WNV and EHV (Fig. 3b) . Detection by IFA of infected cells after 5 days of incubation of inoculated BHK and OK cells corroborated these findings (Fig. 3c) . Thus, BgV should be classified as a VIF, albeit with a potential hostrestriction.
Our results show the importance of assessing larger panels of vertebrate cell lines and performing longer incubation periods to determine whether novel flaviviruses can replicate in vertebrate cells or display restricted insect-specific tropism, especially for those dual-host ISFs that genetically group closer to VIFs (Blitvich & Firth, 2015) . It was also notable that even though infectious virus could be detected in the supernatant of some vertebrate cell cultures, BgV did not cause cytopathic effect (CPE) in any of the vertebrate cell lines, as opposed to WNV and EHV, which induced typical morphological changes and caused extensive cell death.
In order to examine the replication kinetics of BgV in mosquito and vertebrate cells, C6/36 and BHK cells were seeded at a density of 1610 5 and monolayers inoculated in triplicate at m.o.i. 1 or 0.1 with BgV, EHV and WNV. After incubation at 28 8C or 37 8C for C6/36 and BHK, respectively, for 1 h, the inoculum was removed and wells were washed three times with sterile PBS and fresh medium added for further incubation at 28 8C or 37 8C. Asterisks represent statistically significant difference to BgV titre as determined by two-way ANOVA (***P,0.0001; **P,0.0008; *P,0.0084).
(P,0.0084) and to titres several logs lower than those produced by WNV and EHV in BHK cells.
To assess the ability of BgV to infect, replicate and produce disease in young mice, 19-day-old CD1 mice were challenged with 100, 1000 and 10 000 infectious units of BgV, diluted in RPMI, either via the intraperitoneal (50 ml) or the intracerebral (20 ml) route, with 10 mice per group. CD1 mice were used as they have an intact immune response, are outbred, and have been shown to be susceptible to flavivirus infection at these doses (Suen et al., 2015) . All procedures were approved by the University of Queensland Animal Ethics Committee (approval SCMB/033/15/FIMMWA). The mice were observed twice daily for 21 days, but no clinical signs were observed at any time point. On day 21 p.i. the mice were bled by cardiac puncture under ketamine/xylazine anaesthesia, followed by cervical dislocation. Sera from all 60 animals were tested by fixed-cell ELISA for reactivity to BgV and only three mice inoculated intracerebrally with the highest dose seroconverted to BgV, showing that significant viral replication only occurred with a high dose of virus. Brains were also collected from a subset of animals inoculated via the intracerebral route and processed for histopathology and immunohistochemistry for viral protein as previously described (Prow et al., 2014) . Neither pathology nor viral antigen was detected in any of the mice examined.
The lack of replication of BgV in a wide range of vertebrate cell lines is unusual for a VIF, which tend to have broad vertebrate host tropism (Westaway, 2011) . However, these data might be explained by BgV being highly specific to a natural marsupial host, based on the efficient replication only in the opossum (Didelphis marsupialis virginiana) derived cells. Indeed, this hypothesis is consistent with the feeding pattern of Culex annulirostris on Cape York Peninsula. Previous studies have revealed that this species feed mainly on Agile wallabies (Macropus agilis), a highly prevalent marsupial species in the region (van den Hurk et al., 2003 Hurk et al., , 2007 . Furthermore, Culex annulirostris will readily feed on Australian species of possums (Kay et al., 2007; van den Hurk et al., 2007) . In future studies, it will be interesting to test for BgV replication in a wider range of cell lines and in vivo models, and at different temperatures, as well as conduct serological studies of marsupials from the Cape York region. In conclusion, our findings suggest that BgV represents a new flavivirus species with a potentially vertebrate host-restriction. This virus also provides a unique system to study mechanisms of flaviviral hostrestriction and transmission.
